A combination of measurements from Autosub, an autonomous underwater vehicle, and ship-based instruments are used to describe the oceanographic conditions beneath Fimbul Ice Shelf, Antarctica. The data show an intricate oceanographic regime that is suggestive of variability at seasonal or longer time scales. Results from a numerical model of the flow beneath the ice shelf lend support to a strong seasonal variability, and data from instruments moored beneath the ice shelf show substantial temporal variations. The Autosub data indicate temperatures within the cavity somewhat lower than our model results would suggest; thus, our modeled melt rates (average of 0.85 m yr 21 ) might be overestimates, although they are substantially lower than from previously published model studies (4.9 and 1.9 m yr 21 ). The contribution of ice shelf melt in the freshwater balance of the waters upstream of the climatically important Filchner-Ronne Ice Shelf needs to be reassessed.
Antarctica houses the greatest ice sheet of the Earth's cryosphere. It contains the majority of the planet's freshwater, which, if all released to the sea, would cause a sea-level rise of over 50 m (Lythe and Vaughan 2001) . The ice sheet also plays active, though by no means fully understood, roles in the climate system. One such role is in its interaction with the ocean.
Ice from the Antarctic Ice Sheet returns to the ocean by flowing to the coast, where it generally goes afloat to form ice shelves. A typical thickness for Antarctic ice shelves is a few hundred meters, although the ice thickness near the grounding lines of the larger examples can be as much as 1 or 2 km. Most of the ice is lost via iceberg calving at the ice fronts, the seaward edges of ice shelves. The major part of the remaining ice is removed by melting at the ice shelf base (Jacobs et al. 1992) .
The effect on the ocean of ice shelf basal melting differs from that of melting icebergs in some important respects. One is that ice shelves almost invariably melt over continental shelves, with their particular oceanographic regime, whereas the influence of icebergs tends to be spread over a wider geographical area and much of it over the deep ocean (Gladstone et al. 2001) . A second difference is the depth at which melting takes place. The pressure dependence of the melting point of ice means that melting at the base of ice shelves generally takes place at lower temperatures than the melting of icebergs, which by definition are derived from the thinnest part of ice shelves (the ice fronts). A consequence is that the meltwater-laden mixtures emanating from beneath ice shelves can be very cold, with temperatures as low as 22.2uC in the case of the Filchner Ice Shelf outflow (Foldvik et al. 1985) . At these low temperatures, the thermobaric effect can aid the descent of such water masses to the depths of the Southern Ocean, where they can make a substantial contribution to the formation of Antarctic Bottom Water (Foldvik and Gammelsrød 1988) .
From the perspective of the ice sheet, the ocean-ice shelf interface constitutes the ice sheet's oceanic boundary. Any changes in the melt rate at the base of the ice shelf affects the ice shelf thickness, with potentially profound consequences for the stability of an ice sheet such as the West Antarctic Ice Sheet, which rests on bedrock largely below sea level (Lythe and Vaughan 2001) .
Although the interaction between glacial ice and the ocean is important both to the ocean and, particularly in the case of the West Antarctic Ice Sheet, to the grounded ice sheet itself, there are substantial practical difficulties in studying the ice shelf-ocean system. Techniques employed in the past have been to make ship-based measurements along the ice front, inverting glaciological data to determine the rate of basal melting or freezing, and drilling access holes through the ice shelf to deploy instruments into the water beneath. Each of these techniques has serious limitations. Inverting glaciological data can tell us only about the interface between the ice and water. The utility of ice front measurements is limited by the potent dynamical effect of the step change in water column thickness caused by the presence of the ice front , and instruments moored at the ice front are vulnerable to iceberg damage. Access holes have yielded valuable data sets, but the logistical costs are high, necessarily limiting the number of drill sites that can be established.
Despite these limitations, good progress has been made in developing a broad picture of the circulation and active processes beneath, for example, Filchner-Ronne Ice Shelf . However, the absence of any spatially extensive hydrographic data from a sub-ice shelf cavity and the limited sophistication of the instruments that can be deployed via boreholes has meant that our understanding of the environment remains circumscribed. Clearly, an autonomous underwater vehicle (AUV) capable of penetrating beyond a few tidal excursions into a sub-ice shelf cavity and also capable of carrying an array of sophisticated oceanographic instruments offers great rewards, especially when combined with other techniques with complementary strengths and limitations. The range of a vehicle such as Autosub means that it can acquire a spatially extensive data set and is free to roam anywhere in the cavity. Measurements are therefore not restricted to areas with an upper surface that is safe to travel on, as is the case when drilling access holes. The disadvantages of AUVs are that they provide only snapshot views of timevarying parameters, such as the oceanographic conditions, and they can be very expensive to lose.
In this paper we describe a mission undertaken by an AUV beneath Fimbul Ice Shelf in Antarctica on 13 February 2005. The AUV, Autosub-2, was developed by the Natural Environment Research Council at the National Oceanography Centre in Southampton, United Kingdom. This was to be Autosub-2's penultimate mission, as the vehicle failed to return from beneath the ice shelf on the subsequent mission, on 14 February. The paper aims to highlight the strengths and weaknesses of such platforms and to indicate how they complement more traditional techniques. We begin with a brief description of the Autosub AUV, summarizing some technical aspects and outlining the scientific payload. After a geographical introduction to Fimbul Ice Shelf and a discussion of previous studies, we describe and interpret the oceanographic data obtained from the Autosub mission. A data set obtained in the early 1990s from a borehole through the ice shelf is presented as a complementary type of data: a time series from a single location. We then show some results from a numerical simulation of the circulation beneath the ice shelf and attempt to relate the model data to the observations.
Methods
The Autosub AUV-The Autosub-2 AUV is 6.8 m long, 0.9 m in diameter, weighs 2,400 kg when dry in air, and is ballasted to give a submerged buoyancy of about 2 kg. The vehicle has a maximum operating depth of 1,600 m, a range of 400 km in cold high-latitude waters, and travels at speeds of 1.2-1.6 m s 21 . Autosub has an instrument payload capacity of up to 1 m 3 in volume, which allows a large variety of sensors to be incorporated. The AUV is powered by alkaline-manganese batteries and executes preprogrammed mission trajectories (McPhail and Pebody 1998; Millard et al. 1998) .
Navigation is by global positioning system when the AUV is at the surface and by dead reckoning when submerged. For dead reckoning, Autosub typically uses velocity over the ground from a downward-looking 150-kHz RDI Workhorse Navigator Acoustic Doppler Current Profiler (ADCP) when within 200 m of the seafloor, and headings from an IxSea Photonic Inertial Navigation System (PHINS) based on a fiber-optic gyrocompass. For the special case of under-ice shelf missions, the vehicle is also able to navigate using the velocity relative to the ice shelf from the upward-looking 300-kHz RDI Workhorse Navigator ADCP. If neither surface is in range, the vehicle uses its velocity relative to the local water mass. In this vehicle, the IxSea PHINS is physically integrated with the downward-looking ADCP, giving a navigation accuracy of 0.1% of the distance traveled when bottom tracking. The ADCPs and a forward-looking single beam sonar also provide range to solid surface information that the vehicle can use to modify its flight path for collision avoidance.
For the campaign described here, Autosub was fitted with an upward-looking Kongsberg EM2000 Multibeam swath system, a dual conductivity-temperature-depth (CTD) system, and an Edgetech subbottom profiler, in addition to the two ADCPs. The ADCPs were triggered alternately, approximately every 1.6 s, and data were provided in 2-s bins. The variables recorded were velocities in a forward-starboard-up reference frame, an error velocity, and a returned ping intensity for each bin. The downward ADCP used 24 8-m bins, while the upward instrument used 15 bins. In addition, bottom and surfacetrack velocity data were provided when in range as well as ranges for each beam. While the instruments theoretically cover 200 m below Autosub and 120 m above, in practice they rarely, if ever, achieved this range, presumably as a result of the lack of appropriate scatterers in sub-ice shelf waters.
Autosub is fitted with a Sea-Bird Electronics 9+ CTD system with two sets of conductivity (C) and temperature (T) sensors. The CT sensor pairs are mounted on opposite sides of the Autosub nose cone in two separately ducted systems with seawater pumped through them at a nominally known rate. Each pair of sensors has a short inflow duct that protrudes through the front of the nose cone and is directly connected to the intake of the temperature sensor and hence to the sensors' own CT duct. Similarly, each sensor pair has an outflow duct protruding through the Autosub nose cone and located as near as possible to the intake duct to minimize any pressure head effects across the ducted system. Depth is calculated using a Digiquartz pressure sensor. In addition, an SBE 43 dissolved oxygen sensor is fitted in the secondary CT sensor duct (the secondary sensors are mounted on the starboard side). The output from these sensors is recorded at a rate of 24 Hz.
Fimbul Ice Shelf-Fimbul Ice Shelf is one of a series of relatively small ice shelves that fringe the southeastern coast of the Weddell Sea. The continental shelf along this section of coast is very narrow, typically 100 km wide, and, for most of its length, largely overlain by ice shelves. This series of ice shelves is thought to be important in modifying the westward-flowing water in the southern limb of the Weddell Gyre (Fahrbach et al. 1994) before that water reaches the broad continental shelf of the southwestern Weddell Sea and engages in the production of High Salinity Shelf Water, a precursor of Antarctic Bottom Water. Fimbul Ice Shelf is special in that it has an ice tongue overhanging the continental slope, which therefore comes into contact with much warmer, off-shelf water masses. The topography of Fimbul Ice Shelf was well mapped during a field campaign in 2000 (Nøst 2004) . Glaciologically, the ice shelf has three different regions. The extension of Jutulstraumen Ice Stream forms a thick core through the ice shelf up to 550 m thick at the grounding line and constitutes the most dynamic element of the ice shelf; to its east and west lie thinner regions of ice shelf, typically 200-250 m thick and fed primarily from snow falling seaward of the coastal mountain ranges. Beneath the thick extension of Jutulstraumen is a deep depression in the continental shelf, reaching to maximum depths of around 1,000 m; the northern edge of the depression intersects the shelf break to form a sill at a depth of about 570 m.
Little is known about the oceanographic conditions beneath Fimbul Ice Shelf. In 1990, members of a Norwegian expedition deployed a mooring through the ice shelf in a region known as Jutulgryta (Fig. 1) . This is an area where the rapidly moving ice originating from Jutulstraumen Ice Stream shears against the relatively stagnant ice to the east. The result of the shearing is a region of thin and disrupted ice with comparatively easy access to the sub-ice shelf cavity via rifts. In addition to the deployment of the mooring, a sequence of CTD profiles was obtained in early 1990 and again in late 1991 when the mooring was recovered. Technical problems diminished the utility of the data sets obtained from Jutulgryta. Even had the time series been flawless, the measurements would still have been limited to a single point spatially.
In addition to the Jutulgryta archive, data are available from a set of CTD profiles obtained during cruise JR97, the cruise from which Autosub was launched on its sub-ice shelf mission in February 2005. CTD data from near the ice front of an ice shelf are valuable in that they can identify locations where water flows into the sub-ice shelf cavity and where water modified by interaction with the ice base flows out. The limitations, though, are substantial. Although the CTD section was spatially far more extensive than the single point from Jutulgryta, the profiles represent only a snapshot view of the conditions at the ice front. Any seasonal or interannual variation in those conditions, coupled with a residence time of more than a few months for water circulating beneath the ice shelf, would make it misleading to relate the properties of outflows in one area to those of inflows occurring at that time elsewhere. An additional limitation is that the study of only inflows and outflows treats the cavity as a black box, giving little in the way of clues about how and where within the cavity the water mass conversions take place. The ship-based CTD data have been briefly discussed by Nicholls et al. (2006) and, in relation to concurrent oxygen isotope measurements, by Price et al. (2008) .
Other clues to the circulation beneath the ice shelf and the seasonal variability of the oceanographic regime can be gleaned from numerical model studies. The first to be undertaken using a grid fine enough to resolve adequately the important frontal structures over the continental slope was by Smedsrud et al. (2006) . Their principal result was that the relatively warm and deep off-shelf waters are able to gain access to the continental shelf when the easterly winds are weak. Weaker winds lead to a reduced southward surface Ekman flux and an ascent of the thermocline that separates the cold surface waters from the warmer deep water. For weak enough winds, the thermocline ascends the continental slope to the depth of the sill in the shelf break, allowing water onto the continental shelf and beneath the ice shelf. This was an important result, as it pointed to a potentially strong link between ice shelf basal melting and the local climate. More recent simulations, which we present here, refine the study of Smedsud et al. (2006) . We use realistic wind forcing, periodic boundary conditions, a simple sea ice model, refinements to the model domain, and various improvements to the model code.
Results
Autosub Mission 382-The preliminary results of the Autosub mission beneath Fimbul Ice Shelf have been described by Nicholls et al. (2006) . They concluded that the cavity must be flushed episodically, as some of the temperature and salinity data obtained from within the cavity indicated water masses that could not have been derived from any of those identified along the ice front using ship-based observations obtained at the time of the mission. They also found from the upward-looking swath sonar instrument that areas of the ice base previously assumed smooth can have very rough topography.
Here we present the dissolved oxygen concentration (O 2 ) data from the Autosub sensors and use those, together with the temperature and salinity both from the vehicle and from ship-based data at the ice front, to draw conclusions about the water types and circulation within the cavity.
The trajectory of Autosub during Mission 382 is shown in Fig. 2a . The vehicle penetrated about 26 km into the cavity, maintaining an altitude of 150 m (above the seafloor) during the inward leg before turning and ascending to an altitude of 400 m. For this mission, an overriding instruction was that the vehicle should never get closer than 100 m to the ice shelf base. Since the seafloor shallows toward the ice front, Autosub reached this minimum headroom at 8.7 km and effectively went into a terrain-following mode at a range of 100 m from the ice shelf base. At 14.0 km, Autosub executed a preprogrammed descent to an elevation of 300 m but quickly returned to the terrain-following mode (by 15.7 km).
The location of the ship-based CTD station closest to the Autosub deployment position (Sta. 3) is marked in Fig. 1 , and the calculated vertical potential density profile from that station is shown in Fig. 2a . Also indicated in the figure is the along-track potential density derived from the Autosub sensors. Contours of constant density have been sketched on the figure, though these are highly speculative away from either the CTD profile or the vehicle's trajectory. Figure 2a shows what is thought to be the maximum depth of the nearby sill at the shelf break. Figure 2b shows the potential temperature along the trajectory of the vehicle. Again, somewhat speculative isotherms have been traced using the Autosub and ice front data. The salinity data measured during the mission are shown in Fig. 2c . At ocean temperatures in polar regions, the primary control on density is salinity, and so the contours sketched in Fig. 2a showing isolines for potential density would also show the correct pattern for salinity. Figure 2d shows O 2 as measured by Autosub. The sensors were calibrated shortly before the vehicle was shipped for the cruise, although no further calibrations either during or after the cruise were possible. Based on the previous calibration history of the sensors and the differences between sensor pairs, we believe the accuracy to be better than 0.002uC in temperature and 0.003 in salinity. Figure 2e shows results from Autosub's ADCPs. The acoustic backscatter within the water column, which is essential to the operation of ADCPs, was severely limited beneath the ice shelf. As a result, the range of the ADCPs was only a few tens of meters above and below the vehicle. The vectors shown in the figure were derived by combining the data from all the bins from both upward-and downward-looking instruments and averaging them along the track in 1-km-wide bins. A barotropic tidal model of the continental shelf and ice shelf cavities, forced by the CATS02.01 model (Padman et al. 2002 ) along the boundaries, was then used in an attempt to detide the data.
A useful way to show the potential temperature (h) and salinity (S) data is on a h-S plot (Fig. 3) . Also included in the figure are data from Jutulgryta (to be discussed later), a profile (from Sta. 3) at the ice front near the start and end of the Autosub track, and a profile from a station east of the ice tongue, on the upstream side of the sill (Sta. 39; see Fig. 1 ). The meltwater mixing lines indicate, to a good approximation, the trajectory that the h-S properties of seawater will follow as a result of coming into contact with freshwater ice, such as the base of an ice shelf (Gade 1979) .
Interpretation of Autosub data-The contours of potential density, s h , and potential temperature, h (Fig. 2a and b,  respectively) , suggest an eastward-flowing core of warmer water occupying the lower layer of the first 10 km or so of the Autosub track. As the slope of the isopycnals indicates only the vertical shear in the water column, we appeal to the ADCP data ( Fig. 2e) to confirm the direction of the lower layer, which broadly varies between eastward and southeastward. An estimate of the vertical shear can be obtained by assuming geostrophy and using the formula Du 5 aDrg/( fr), where a is the slope of the isopycnals, Dr is the vertical density contrast, r is the water density, g is the acceleration due to gravity, and f is the Coriolis parameter. This yields a value of around 5 cm s 21 , consistent with the ADCP velocities.
h-S data from the ice front stations west of the ice tongue ( Fig. 1) provide evidence that the water at the ice front has h-S properties (Fig. 3 ) that match those of the eastwardflowing sub-ice shelf core, suggesting communication across the ice front. Indeed, the h-S data show that all the Ice Shelf Water (ISW) sampled by Autosub (i.e., the water with a potential temperature below the surface freezing point) lies on the same meltwater mixing line (gradient ,2.4) as the water at the western ice front, though we show later in this section that the dissolved oxygen data suggest differences in some of the ISW history.
Where Autosub's trajectory crosses the depth of the nearby sill, the potential temperature crosses the surface freezing point line, and the water is no longer ISW. In fact, the potential temperature remains at the surface freezing point for 6 km or so along the trajectory. For about 4 km of that trajectory, the salinity remains static at 34.32 (Fig. 2c) . At 3.7 km from the turning point, the temperature increases by 0.024uC in a distance of around 14 m along the track-virtually a step change. The change in salinity is very slight (,0.001), and the change in s h is insignificant (,0.0001), suggesting little in the way of associated frontal dynamical behavior. After the turn, when the vehicle ascended to an elevation of 400 m, the trajectory crossed back into ISW at the depth of the sill, but there is no step decrease in temperature.
The isotherms sketched in Fig. 2b assumed that the temperature field was steady on the time scale of the passage of the vehicle; the duration of the mission was around 10 h. The tidal activity, which is thought not to be strong in this area, is assumed merely to move the field around slightly rather than to change its nature. In the sketch in Fig. 2b , we have extrapolated the sill depth's apparent importance by speculating that it is coincident with the surface freezing point isotherm (around 21.88uC at these salinities). With a h-S of 21.88uC and 34.32, the water at the freezing point below the sill depth has the properties traditionally associated with a water mass known as Eastern Shelf Water (ESW) (Foldvik et al. 1985) . ESW results from the dilution of Winter Water (WW) by glacial melt from the upstream ice shelves; WW itself is formed during wintertime sea ice production. Which route is used by the ESW to get into the cavity is an intriguing question. The evident control of the ESW by the depth of the sill suggests that it is leaving the cavity at the sill rather than crossing into the cavity; this is supported by the Autosub ADCP data, which show the ESW heading north. Why the ESW does not appear to have been modified by contact with the ice shelf base remains an open question.
The warmest water sampled beneath the ice shelf was that found at the deepest part of Autosub's trajectory, as the vehicle turned. There, Autosub was at a depth of about 716 m, and the h-S was 21.84uC and 34.34. Again, this water would be classified as ESW, although it clearly has a different history. The sharp increase in temperature as the water mass was entered was accompanied by a sharp change in water flow direction and a sharp decrease in O 2 , though to a level that was still somewhat higher than the levels recorded earlier on the outward leg. The ADCP data indicate that the water was flowing broadly westward, consistent with the configuration of the isopycnals sketched in Fig. 2a . CTD stations occupied along the ice front during the cruise found a candidate source water mass for this warmer version of ESW at one of the sills further to the east (indicated in Fig. 1) (Nicholls et al. 2006 ). The h-S properties from a cast at that eastern sill (Sta. 38) are shown in Fig. 3 and demonstrate that the Sta. 38 water is on the same meltwater mixing line as most of the water sampled by Autosub, including the deepest, warmer ESW.
As mentioned previously, the h-S properties suggest that most of the ISW sampled during the mission could have been derived from the water observed at the western ice front. It is worth noting, though, that the O 2 levels in the return leg (and therefore higher in the water column) are substantially higher than on the outward leg, possibly indicating a different history. We assume that the biological control on the O 2 is not significant at the small temporal and spatial scales of the study. To see how much of the variation in O 2 can be accounted for by the contribution from melting at the ice shelf base, Fig. 4 shows the Autosub O 2 data plotted against salinity, with the pressure also indicated. It is reasonable to assume that the O 2 of the glacial meltwater is constant, at around 25 mL L 21 (Hellmer et al. 1998) , and so the effect of the addition of meltwater on both oxygen and salinity is linear, resulting in a characteristic meltwater mixing line in dissolved oxygensalinity (O 2 -S) space with a gradient of around 20.54 mL L 21 . Figure 4 shows, therefore, that the water masses with an O 2 of greater than around 6.39 mL L 21 can be related in an O 2 -S sense. That is, the water from deeper than the sill depth and at salinities greater than around 34.32 could have been transformed into the ISW nearer the ice shelf base that was sampled on the return leg. Conversely, in an O 2 -S sense, the low O 2 water from the ice front to km 10, that is, the eastward-flowing water sampled during the first part of the outward leg, appears to be unrelated to the water sampled during the rest of the mission.
The final water mass that can be identified from the Autosub data sets shows high O 2 levels and lower salinity at about 20 km on the return leg (Fig. 2d) . These data points have been highlighted in Figs. 3 and 4 . The h-S data indicate that this water could have been derived from water masses measured on the eastern side of the ice tongue, as they lie on the same meltwater mixing line (Sta. 39; see Fig. 1 ). We assume that these are traces of water that have passed beneath the ice tongue and have been modified by melting at the ice shelf base; it is possible that the flow is connected with the coincident depressions in the ice base (Fig. 2a) .
In summary, it seems that Autosub sampled five different water masses during Mission 382. The first is a broadly southwestward flow occupying the lower part of the water column, invading the cavity from the ice front but extending no deeper than the sill depth. Below the sill depth is a water mass at the surface freezing point, with a northward flow direction. A warmer, westbound water mass was found at the deepest part of the track, extending no higher in the water column than the sill depth. The final water mass occupied the upper part of the cavity, with an eastward or southeastward flow direction, with additional traces of water at around 20 km from flow beneath the ice tongue.
Jutulgryta data set-During the 1989-1990 Austral summer, a Norwegian team drilled an access hole through around 38 m of slushy ice in a rifted region on Fimbul Ice Shelf called Jutulgryta (Fig. 1) . A sequence of four fulldepth CTD profiles were obtained over a period of 4 d in February 1990 before an instrument string was deployed. The string was designed to measure temperature, conductivity, and water speed and direction and was suspended from the ice. In December 1991, the site was revisited and the instrument string removed. A sequence of 28 CTD profiles was then obtained over a period of 18 d.
Different Meerestechnik-Elektronik (ME) CTD instruments were used for the two sets of profiles. The instruments on the string used Aanderaa temperature, conductivity, speed, and direction sensors, suitably modified in an attempt to get long-term measurements. Various technical problems beset the instrument string. Here we present data from two of the temperature sensors that gave what appear to be good data over a period of 3 months in one case and 22 months in the other.
Uncertainties over the absolute calibration of the conductivity cells on the ME instruments has limited their usefulness. The salinities of the original profiles were very scattered, over a range of 0.4 for the December 1991 set and 0.02 for the February 1990 set, although the shape of the salinity profiles within each set remained consistent.
The CTD data are shown in the h-S panel in Fig. 5 . They have been offset along the salinity axis by about +0.11 for the December 1991 data and 20.07 for the February 1990 data. The rationale for the salinity adjustments lies in the comparison with the Autosub and ice front data and the assumption that the water masses flushing the cavity do not change on decadal time scales. In particular, the original (unshifted) February 1990 salinities are too high to be consistent with any data ever measured on or off the shelf in the region of Fimbul Ice Shelf, and the original December 1991 salinities are likewise too low to be consistent with any water masses ever seen at or below the ice shelf draft.
When the instrument string was recovered, significant biological fouling was present on the instruments and cable below 250-m depth. We use that as an indicator of the draft of the surrounding ice shelf, and the depth has been marked on the h and S profiles in Fig. 5 .
Two temperature time series are shown in Fig. 6 , a 22-month-long series from the instrument moored at a depth of 251 m, around the depth of the surrounding ice shelf, and a 3-month series from the instrument at 371 m, about 30 m above the seafloor. The variability exhibited by the time series is interesting. The warmer water nearer the seafloor cools during the 3 months of the series, except for one interval in April when there is a marked warming that lasted for 3 d. Nearer the ice draft there was a gradual increase in temperature until May 1991, when a rapid drop returned the temperature closer to its original level, where it stayed until the end of the record in December.
Two warm excursions exist in the record from the higher sensor, the first of which matches the warm excursion deeper in the water column. Such events illustrate that the conditions within the cavity are anything but stationary, with variability by no means limited to a response to seasonal forcing from the ice front. These time scales of variability can only be hinted at by the snapshot data sets available from Autosub or the ice front ship-based CTD profiling. Particularly interesting is the second excursion recorded by the upper sensor, which is not mirrored in the data from the deeper sensor. In this environment, an increase in temperature is usually associated with an increase in salinity. If the upper water column warms substantially more than the deeper water, it would usually imply a static instability as a result of the concomitant salinity increase. A likely explanation can be found in the h-S diagram in Fig. 5a . From the December 1991 CTD profiles, the source water mass for the water measured near the ice shelf base must have had a lower salinity than that for the water near the seafloor, suggesting the possibility that the second episode of warming near the ice base was also from such a lower salinity source.
The principal conclusions that can be drawn from the Jutulgryta data are that there is evidence of much variability within the cavity, with water masses of different salinities flushing the cavity. This supports the conclusions of Nicholls et al. (2006) , who argued, based on the Autosub data that we show in Fig. 3 , that the freezing point ESW lay on a different meltwater mixing line and therefore must have its origins in water of a higher salinity than the remainder of the water along the vehicle's track.
Discussion
A numerical model of the oceanographic regime beneath Fimbul Ice Shelf-The difficulty in making widespread measurements beneath ice shelves has placed a premium on developing numerical models that help us fully exploit the few data that are available and, ultimately, enable us to make reliable predictions of the response of the ice-ocean system to changes in climate. In response to this need, existing models have been modified to include sub-ice shelf domains, and some models with simpler domains (one-and two-dimensional) have been developed with the aim of including a more sophisticated rendering of some of the physical processes than can be easily incorporated in a full three-dimensional, time-dependent code (Williams et al. 1998) .
The success of models has been measured by their ability to reproduce rates of melting at the ice shelf base, estimated either by studying the ice itself (Jenkins and Doake 1991) , by measuring the effect of the melting on waters flowing into and out of the cavity (Foldvik et al. 2001) , or by direct measurements from access holes drilled through the ice shelf . If sub-ice shelf hydrographic data are available, then model data and field measurements can be compared directly . No measurements of melting at the base of Fimbul Ice Shelf have yet been made. A crude test of a model of the conditions beneath the ice shelf is possible, though, by comparing model predictions with hydrographic data from ship-based measurements, from Autosub, and from the Jutulgryta measurements. Miami Isopycnic Coordinate Ocean Model (Bleck and Smith 1990) with several modifications to the dynamics, including those of Higdon (1999) . Thermodynamic interactions with an ice shelf were introduced by Holland and Jenkins (2001) , and the model is forced from above using geostrophic winds and sea-level temperatures derived from the National Center for Environmental Prediction reanalysis project (Kalnay et al. 1996) . The model has a resolution of 0.25u of longitude (about 9 km at 71uS) with square grid boxes. Including the mixed layer, the model uses 16 layers.
Compared with the model runs of Smedsrud et al. (2006) , some aspects of the model's time-stepping procedures have been updated, and we are using varying surface forcing rather than prescribed constant winds and salinity restoring. We have introduced periodic east-west boundary conditions and masked out all ice shelf cavities apart from Fimbul Ice Shelf; when water passes through the cyclic boundary, it is restored toward climatological conditions using a time scale of 10 d. Another improvement is that the climatology was derived from a cross-slope CTD section, extended to the north using the AWI Hydrographic Atlas of the Southern Ocean (www.awi-bremerhaven.de/Atlas/ SO), but at a resolution high enough to enable it to resolve the continental slope frontal structures. This section was also used to construct a lookup table for T and S, indexed by depth, which was used to initialize the properties of all the other grid cells. A similar method was used to initialize the sub-ice shelf water properties, this time building the lookup table using the Autosub T and S data, extrapolated to the seafloor. In addition, a cavitating fluid sea ice model has been introduced (Holland and Jenkins 2001) ; ice concentration is restored toward monthly climatological mean values along the boundaries, while the ice thickness is allowed to develop thermodynamically. Model results-Water currents and temperatures from the months of January and July are shown in Fig. 7a-d ; we take these to be representative of summer and winter conditions. For ease of comparison with the Autosub mission, Fig. 7e and f shows the results for 100 m below the ice base and 150 m above the seafloor. Figure 7a and c shows the results for the upper mixed layer, that is, the layer in contact with the upper surface (sea ice, ocean, or ice-shelf base). The high mixed layer temperatures at the far southern part of the ice shelf, beneath the thickest ice near the grounding line of Jutulstraumen, drive high localized basal melting (not shown) and a buoyant plume that appears to split either side of the ice keel. The source of this warmth is the deep water seen flowing westward from the eastern sills in winter (Fig. 7d) but primarily from the main sill during summer (Fig. 7b) (note the different temperature scales in Fig. 7) . The model shows a net basal freezing of around 0.10-0.15 m yr 21 in the thinner shear margins to the east and west of the keel as a result of supercooling in the plume as it ascends from the deeper ice base. The fact that, even 150 m below the ice base, the water in these regions is very cold (Fig. 7e) indicates a relatively thick mixed layer. The results give a consistent pattern of melting along the deeper keel of ice emanating from Jutulstraumen, as can be seen from the high mixed layer temperatures beneath that thicker ice, especially during summer. In summer, the melting again drives buoyant plumes distributed along the length of the keel, which flow to the east and west up the ice base before turning to the north to head toward the main sill. High melt rates also occur along the eastern part of the ice shelf and along most of the ice front, particularly in late summer and autumn (February-March) .
Within the ice shelf cavity, the model shows clear seasonal as well as interannual variability. In the southernmost areas, the bottom of the cavity is flushed annually with warm water, with the temperature maximum occurring in late autumn. In winter, warmer inflow occurs at the eastern sills, while in summer the inflow comes via the main sill, with the eastern sills showing a net warm outflow.
Both the temperature and the volume flux of inflowing water affect the melt rates. Although the spatially averaged winter melt rate is fairly consistent at around 0.3-0.4 m yr 21 , the late summer maximum varies between 0.8 and 1.8 m yr 21 for nontidal runs. One of the changes since the runs of Smedsrud et al. (2006) was to allow tides to be switched on. The effect of tides seems to be to supply sufficient mixing energy to some parts of the cavity to raise the warm water and bring it into contact with the ice base. With tides enabled, the maximum melt rates increase to 1.2-3.0 m yr 21 . The year-round spatially averaged melt rates for the ice shelf are 0.85 m yr 21 with tides and 0.60 m yr 21 without. Comparison with observations-Our model runs show generally higher sub-ice shelf temperatures than are observed either by Autosub or in the Jutulgryta time series but still far lower than those of Smedsrud et al. (2006) ; this may explain why our melt rates are significantly lower than theirs. While we did not observe any brief pulses of warm water as seen in Jutulgryta, the model does show significant variability that could be consistent with rapid flushing of all but the deepest parts of the ice shelf cavity. A seasonal change in circulation patterns would also explain the presence of a variety of water masses, as inferred from the Autosub data set.
Discrepancies exist between the modeled currents and those measured using the Autosub ADCPs. Much of the disagreement results from fundamental difficulties associated with interpreting a snapshot view of velocities in a region subject to short-term variability. The most potent source of variability is the tides. Although the ADCP data have been detided using a barotropic tidal model, that model is not expected to be accurate in areas of rapidly changing topography such as near an ice front, leading to unreliable detiding in that region. In particular, the apparent inflow of water in the upper water column shown in Fig. 2e is incompatible with the observation that the range of the ADCPs reduced dramatically within a tidal excursion of the ice front, implying no net inflow of backscatter-laden water. This suggests that the shallower water sampled on Autosub's return leg is part of a cyclonic circulation within the cavity and not part of the presumably outward-flowing mixed layer. Another difficulty relates to the absolute positioning of the Autosub track over a model domain with an inaccurate representation of the ice front and only a crude topography.
Keeping in mind the difficulties, we now compare the ADCP data from the return and outward mission legs (Fig. 2e) with the modeled currents shown in Fig. 7e and f. For the return leg, we note that there is some consistency between the southeastward flow in the model and the observed currents between 10 and 20 km. As the model resolution is about 9 km, we would not expect it to resolve the abrupt direction change that we see in the data at 10 km and then again at 5 km. The model shows a similar overall circulation for 100 m below the ice base as for 150 m above the bottom, and this is not in agreement with the currents measured during the inward leg of the Autosub mission. In the area of the Autosub mission, the modeled temperatures 100 m below the ice base are very much higher than in the mixed layer above, which has a markedly different circulation pattern (Fig. 7a) . It is likely that the mixed layer in the model is too thin, possibly as a result of too much warm water penetrating into the cavity and causing melt rates that are too high.
The basal melt rate is controlled principally by the water speed near the base of the ice shelf and the difference between the temperature of the water near the ice shelf base and the freezing point of that water at the pressure of the ice-ocean interface (Holland and Jenkins 1999) . The return leg of Autosub's mission took the instruments no closer than 90 m from the base of the ice shelf. If we assume that the temperature increases with depth below the ice base (as is generally the case) and that the water speeds measured by the vehicle were representative of the currents in the vicinity of the ice base, then the Autosub data can be used to provide an upper bound on the basal melt rate in the area of the mission. The average water speed, temperature, and salinity from the return mission were around 6 cm s 21 , 21.99uC, and 34.26, the temperature having been adiabatically adjusted to the pressure at the ice base. Using the three-equation formulation for the melt rate (Holland and Jenkins 1999) , which takes into account diffusion of both heat and salt through the boundary layer, the estimated upper bound of the melt rate is 0.4 m yr 21 . An average melt rate for the 15 yr of the model run for the same area at the same time of year is about 1 m yr 21 . The standard deviation over the 15 yr was 0.5 m yr 21 , illustrating a strong interannual variability in the modeled melt rate and reducing the utility of a direct comparison with the snapshot given by the Autosub data. Taken at face value, however, the model seems to overestimate the melt rate significantly, certainly for the late summer period in the vicinity of the Autosub mission.
In this paper we have shown how AUVs can complement other techniques to provide a more complete picture of the physical oceanography at high latitudes. Although AUVs are clearly no panacea, they are able to provide data from some areas that would be impossible or unacceptably difficult or dangerous to sample in any other way. In the case of ice shelves, we have shown that they can complement ship-based ice front measurements and single-point measurements made via access holes through the ice shelf.
We have also indicated some of the limitations in the datasets obtained from an AUV. The dangers of missions beneath an ice shelf were ably demonstrated by Autosub's failure to return from her second sub-ice shelf excursion (Mission 383). However, no single-point measurement would have been able to hint at the spatial complexity of the oceanographic conditions that Autosub found beneath the ice shelf, although the Autosub data are unable to show the temporal variability in conditions that can be revealed by long-term moorings.
Even for a relatively small ice shelf such as Fimbul Ice Shelf, a 25-km AUV mission, data from one access hole, and a scatter of CTD stations at the ice front are not sufficient to constrain a presumably seasonally varying circulation within a topographically complex sub-ice shelf cavity. The sub-ice shelf data do, however, provide an indication of the richness of the oceanographic environment, showing pulses of warm water, sharp temperature fronts, and multiple distinct water masses. They also provide an indication of the overall temperature and salinity that models should seek to reproduce. An important result is that the temperatures found using Autosub are significantly lower than those suggested by the results from the numerical model and very much lower than those suggested in previously published modeling studies for Fimbul Ice Shelf. Hellmer (2004) found particularly high Fimbul melt rates in his model results (4.9 m yr 21 ) and ascribed them to the model's inability to resolve the continental slope front. Smedsrud et al. (2006) were able to resolve the front to a degree and report an average melt rate of 1.9 m yr 21 , very much lower than Hellmer's. Our improved version of the model used by Smedsrud et al. gives an average value of 0.85 m yr 21 , which the Autosub data suggest is likely still to be too high. The meltwater from the small ice shelves along the southern margin of the Weddell Sea, of which Fimbul Ice Shelf is an example, makes an important contribution to the frontal structures at the shelf break and to the temperature and salinity of the waters in the coastal and slope front currents (Heywood et al. 1998 ). In addition, Fahrbach et al. (1994) find that the basal melt is a contributory factor in the suppression of bottom water formation in that part of the Weddell Sea. It is therefore important to develop the models to provide better estimates of present-day melt rates so that we can make more reliable predictions of possible future changes. It is only by making the type of sub-ice shelf measurements described here that we will be able to provide the essential validation for such model improvements.
